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Abstrat
The spreading of liquid nanodroplets of dierent initial radii R0 is studied using moleular dy-
namis simulation. Results for two distint systems, Pb on Cu(111), whih is non-wetting, and a
oarse grained polymer model, whih wets the surfae, are presented for Pb droplets ranging in size
from ∼ 55 000 to 220 000 atoms and polymer droplets ranging in size from ∼ 200 000 to 780 000
monomers. In both ases, a preursor foot preedes the spreading of the main droplet. This preur-
sor foot spreads as r2f (t) = 2Deff t with an eetive diusion onstant that exhibits a droplet size
dependene Deff ∼ R
1/2
0 . The radius of the main droplet rb(t) ∼ R
4/5
0 in agreement with kineti
models for the ylindrial geometry studied.
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Numerous pratial problems are determined by the wetting of surfaes by liquids inlud-
ing adhesion, lubriation, oatings, plant protetion, and oil reovery. The spreading of a
droplet on a surfae proeeds as the droplet balanes the interfaial tensions between the
solid, liquid, and vapor phases. Completely wetting droplets are known to form a monolayer
lm or preursor foot on the surfae that spreads ahead of the droplet. For high-energy
surfaes, spreading inludes the formation of moleule-sized terraes along with the preursor
foot [1, 2℄.
Although the spreading behavior of droplets on surfaes has been extensively studied,
droplet size eets on the spreading dynamis are often ignored. These size eets an have
a large inuene on the wetting behavior, partiularly when using nanosale droplets suh as
in MEMS and mirouidi devies. For these devies, droplet size an strongly aet both
the manufaturing speed, suh as in miroontat printing, and the devie performane.
For a spreading liquid droplet, the energy dissipation mehanis have been lassied by
de Gennes. The total dissipation in the spreading droplet an be expressed as a sum of
three distint dissipation mehanisms, TΣw + TΣf + TΣl [3℄. In this equation, TΣw is the
ontribution due to visous dissipation in the bulk of the droplet, TΣf is the ontribution due
to visous dissipation in the preursor foot, and TΣl is the ontribution due to adsorption of
liquid moleules to the surfae at the ontat line. The adsorption mehanism is expeted
to dominate for low visosity systems at short times while the bulk visous dissipation
mehanism takes over at later times [4℄. The dissipation from the foot is less understood,
though in the simulations presented here we will show that this dissipation does not play a
role in the spreading of the droplet.
The size dependene of the bulk droplet spreading rate is present in models of droplet
spreading. In the moleular kineti theory of liquids [5, 6℄, the energy dissipation ours at
the ontat line. In the linearized version of this model, the ontat radius rb(t) of the bulk
region of the droplet sales with the droplet volume aording to rb(t) ∼ R
6/7
0 at late times for
spherial droplets [7℄ and rb(t) ∼ R
4/5
0 for ylindrial droplets [8℄. The hydrodynami model
[9, 10℄ is based upon the solution of the equations of motion and ontinuity for the droplet
and assumes that energy dissipation ours via visous dissipation in the bulk. For the
hydrodynami model, the ontat radius of the bulk region sales aording to rb(t) ∼ R
9/10
0
at late times for spherial droplets [7℄ and rb(t) ∼ R
6/7
0 for ylindrial droplets [8℄. de Ruijter
et al. [7℄ derived a ombined model by inluding the energy dissipation mehanisms from
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both the linearized kineti and hydrodynami models. This model does not onsider the
visous dissipation in the preursor foot. For a ylindrial droplet, the ombined spreading
model is [8℄
drb(t)
dt
=
γ
ζ0
2
+ 2η(rb(t)−a) sin
2 θ
rb(t)(θ−sin θ cos θ)
(
θ
sin θ
−
θ0
sin θ0
)
, (1)
dθ
dt
=
(
θ − sin θ cos θ
A
)1/2 (
cos θ −
sin3 θ
θ − sin θ cos θ
)−1
drb(t)
dt
. (2)
where the ross-setional area A ∼ R20, γ is the liquid/vapor surfae tension, ζ0 is the
frition oeient, η is the bulk uid visosity, a is the hydrodynami uto, and θ0 is the
equilibrium ontat angle. The linearized kineti and hydrodynami models are obtained
from Eq. 1 by setting η and ζ0 to zero, respetively. Although this produes the linearized
version of Blake's kineti model, experiments [7, 11, 12℄ and simulation [8, 13, 14, 15℄ have
shown that it works quite well. These models are written for droplets with a nite θ0, but
they an also be applied to wetting droplets by setting
θ0
sin θ0
= 1 in Eq. 1.
Droplets often spread by extending a preursor foot ahead of the main droplet. This has
been observed in experiments [3, 16, 17℄ as well as simulation [8, 13, 18, 19℄. This foot grows
diusively, though to the best of our knowledge there are no preditions for the dependene
on the droplet size. Droplet spreading experiments have observed terraed spreading where
multiple layers spread on top of the preursor foot. In simulations of droplet spreading, the
preursor foot is present, but terraed spreading has not been observed. This is probably
due to the relatively short duration of the simulation runs.
Although droplet size eets are often ignored when studying spreading dynamis, we
show that the spreading rate of both the preursor foot and the bulk hange with droplet
size. Here, we present MD simulations for two very dierent systems, a oarse-grained model
of polymer nanodroplets in the wetting regime and an expliit atom model of Pb on Cu(111),
whih is non-wetting, to study the dependene of the spreading rate of both the droplet and
the preursor foot on the initial radius R0 of the droplet. Our results demonstrate that the
observed behavior is a general phenomenon and does not depend on the system speis. In
both ases, the vapor pressure is low so that spreading does not our via vaporization and
ondensation.
For polymer hains, the polymer is represented by spherial beads of mass m attahed
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by springs, whih interat with a trunated Lennard-Jones (LJ) potential,
ULJ(r) =


4ε
[(
σ
r
)12
−
(
σ
r
)6]
r ≤ rc
0 r > rc
(3)
where ε and σ are the LJ units of energy and length and the uto rc = 2.5σ. The monomer-
monomer interation ε is used as the referene and all monomers have the same diameter σ.
For bonded monomers, we apply an additional potential where eah bond is desribed by
the FENE potential [20℄ with k = 30 ε/σ2 and R0 = 1.5 σ. The substrate is modeled as a
at surfae sine it was found previously [13℄ that with the proper hoie of thermostat, the
simulations using a at surfae exhibit the same behavior as a realisti atomi substrate with
greater omputational eieny. The interations between the surfae and the monomers in
the droplet at a distane z from the surfae are modeled using an integrated LJ potential with
the uto set to zc = 2.2σ [13℄. Extending the range of this surfae interation to innity
inreases the spreading rate of the preursor foot and slightly inreases the spreading rate
of the bulk. Aside from shifting the wetting transition to a lower energy, the qualitative
spreading behavior is idential to the zc = 2.2σ ase. Speially, the absene of terraed
wetting is probably not due to the nite interation range of the surfae used in simulations
but to the length of the simulations. Here we present results for εw = 2.0 ε whih for N = 10
is above the wetting transition εcw = 1.75 ε.
We apply the Langevin thermostat to provide a realisti representation of the transfer of
energy in the polymer droplet. The Langevin thermostat simulates a heat bath by adding
Gaussian white noise and frition terms to the equation of motion,
mi
d2ri
dt2
= −∆Ui −miγL
dri
dt
+Wi(t), (4)
where mi is the mass of monomer i, γL is the frition parameter for the Langevin thermostat,
−∆Ui is the fore ating on monomer i due to the potentials dened above, and Wi(t) is a
Gaussian white noise term. Coupling all of the monomers to the Langevin thermostat would
have the unphysial eet of sreening the hydrodynami interations in the droplet and not
damping the monomers near the surfae stronger than those in the bulk. To overome this,
we use a Langevin oupling term with a damping rate that dereases exponentially away
from the substrate [21℄. We hoose the form γL(z) = γ
s
L exp (σ − z) where γ
s
L is the surfae
Langevin oupling and z is the distane from the substrate. In this paper, we present results
4
for γsL = 3.0 and 10.0 τ
−1
. The larger γsL orresponds to an atomisti substrate with large
orrugation and hene large dissipation and slower diusion near the substrate.
For Pb on Cu(111), interations are desribed via embedded atom method (EAM) inter-
atomi potentials wherein the energy for N atoms is [22℄
E =
N∑
i=1
[Fi(ρi) +
1
2
∑
j 6=i
φij(r)]. (5)
In Eq. 5, ρi is the eletron density at atom i, ρi =
∑
j 6=i ρj
a(r), where ρj
a(r) is the spherially
symmetri eletron density ontributed by atom j, a distane r from i. Fi(ρi) is the energy
assoiated with embedding atom i into an eletron density ρi and φij(r) is a pair potential
between atoms i and j. The many-body nature of Fi(ρi) in Eq. 5 makes the EAM superior to
pair potentials for desribing bonding in metal systems. The interations for Cu, Pb, and the
ross-term between them were previously parameterized [23, 24, 25℄. The Cu(111) substrate
was desribed via an expliit atom desription with dimension in the surfae normal diretion
equal to four times the potential uto rc = 5.5Å. The substrate was equilibrated at the
proper lattie onstant prior to joining with the drop. Atoms in the 2rc planes furthest from
the surfae are held rigid and the rest are permitted to relax aording to MD equations of
motion throughout all simulations. Beause the substrate is represented atomistially for
Pb(l) on Cu(111), we thermostat only atoms in the substrate using a Nose-Hoover thermostat
algorithm.
All of the droplets presented here are modeled as hemiylinders as desribed previously
[8℄. The system is periodi in the y diretion with length Ly and open in the other two
diretions. This allows a larger droplet radius to be studied using the same number of
monomers than in the spherial geometry. Polymeri droplets have initial droplet radii of
R0 ∼= 50, 80, and 120 σ, ross-setional areas A ∼= 2690, 7490, and 18 200 σ
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and a total size
N ∼= 200 000, 350 000, and 780 000 monomers, respetively, with Ly = 60 σ for R0 ∼= 50 σ
and Ly = 40 σ for R0 ≥ 80 σ. Pb(l) droplets are studied with R0 ∼= 20, 30, and 40nm,
A ∼= 630, 1400, and 2500nm2 and N ∼= 55 000, 122 000, and 220 000 atoms in the drop,
respetively, with Ly = 27Å. In eah ase, keeping Ly < R0 or Ly ≈ R0 supresses any
Rayleigh instability. The substrates for the three drop sizes in the Pb(l) on Cu(111) systems
ontained N ∼= 85 000, 128 000, and 170 000 Cu atoms.
The equations of motion are integrated using a veloity-Verlet algorithm. For polymer
spreading, we use a time step of ∆t = 0.01 τ where τ = σ
(
m
ε
)1/2
. The simulations are
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Figure 1: (olor online) Cross-setion snapshots from the simulations. A droplet omposed of
hain length N = 10 polymers with initial radius R0 = 80σ, thikness Ly = 40σ, εw = 2.0 ε, and
γsL = 3.0 τ
−1
at t = 71600 τ (top). A Pb(l) droplet with R0 = 40nm and Ly = 27Å on Cu(111)
at t = 3.6ns (bottom). The snapshots show substrates that are 750σ and 230nm in length for the
polymer and Pb droplets, respetively.
performed at a temperature T = ε/kB using the lammps ode [26℄. For Pb(l) on Cu(111),
∆t = 1 fs, T = 700 K, and the ode paradyn [27℄ was used.
For the polymeri system, it was shown previously [13℄ by measuring the equilibrium
ontat angle that nite system size eets beome negligible for droplets ontaining 50 000
monomers or more. Here, we study the size dependene of the spreading behavior for droplets
substantially larger than this nite size limit by using a minimum droplet size of 200 000
monomers in order to simultaneously study the bulk and preursor foot regions. This is
shown in Fig. 1 whih shows the foot extending beyond the bulk region. For the monomeri
liquid system Pb on Cu(111), omputational requirements for modeling the substrate are
more signiant so we use a minimum drop size N ∼ 55 000 atoms. In a prior work [28℄,
wetting of Pb(l) drops on Cu(100) and Cu(111) was simulated using this model. For Pb(l) on
Cu(111), a preursor lm rapidly advaned ahead of the main drop in a diusive manner (see
Fig. 1); furthermore, the drop reahed an equilibrium but nite ontat angle θ0 = 33
o
on
top of the prewetting lm, whih is in exellent agreement with experiment [28, 29, 30, 31℄.
This system exhibits negligible exhange of atoms between the liquid and solid, permitting
evaluation of system size eets for non-reative wetting in the ase of a monomeri liquid
with low vapor pressure.
For the simulations presented here, we extrat the instantaneous ontat radius rb(t) and
ontat angle θ(t) every 400 τ for the polymer system and every 4 ps for the metal system
aording to the proedure desribed previously [8, 28℄. To demonstrate the inuene of the
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visous dissipation in the preursor foot on the dynamis of the bulk region, two systems are
studied where the droplets are plaed on substrates prewet with a monolayer of the same
material to eliminate the simultaneous spreading of the preursor foot. The bulk ontat
radii for both a polymer droplet and a lead droplet are shown in Fig. 2 omparing spreading
on prewet substrates to spreading on bare surfaes. Adding a monolayer to the substrate
does not aet the bulk spreading for the polymeri system indiating that the visous
dissipation in the preursor foot is negligible for the droplet [32℄. Although the Pb on Cu
system is drastially dierent than the polymer system, the results are very similar. For the
lead droplet, the early time behavior shows that the bulk spreading rate is enhaned as the
foot is formed and begins to extend. One the foot has extended away from the droplet, the
bulk ontat radius urves beome parallel. Plotting the veloities of the preursor foot on
both the bare and prewet surfaes shows that they are idential after one nanoseond.
The saling preditions of the linearized kineti and hydrodynami models are applied
to the bulk ontat radius data for εw = 2.0 ε and γ
s
L = 3.0 and 10.0 τ
−1
in Fig. 3a where
dividing the bulk ontat radius by R
4/5
0 for eah of three droplet sizes auses the data to
ollapse to a single urve. The R
6/7
0 saling of the same data, shown in Fig. 3b, does not t
as well beause hydrodynami energy dissipation has only a weak inuene on the spreading
rate for the onditions used in these simulations [8℄. Similar results are found for Pb on
Cu(111) (see Figs. 4a and b) beause here we also have a low visosity, rapidly spreading
droplet.
Previous simulations of polymer droplet spreading [8℄ have shown that the hydrodynami
model, Eqs. 1 and 2 with ζ0 = 0, adequately ts the data only for the higher visosity
(longer hains) and slower spreading droplets. Here, a onsistent improvement of the t to
the hydrodynami model is observed for the three droplet sizes in going from the faster γsL =
3.0 τ−1 to the slower γsL = 10.0 τ
−1
onditions as well as going from smaller to larger droplets.
Both the kineti and ombined models t the data well for all of the droplets although the
ombined model tends to produe less reasonable values of the tting parameters [13℄.
The spreading of the preursor foot has been measured experimentally by ellipsometry
and more reently by atomi fore mirosopy [17℄. These studies report eetive diusion
oeients for the preursor foot without onsidering the dependene on the droplet size.
Joanny and de Gennes predited the height prole of the preursor foot to be proportional
to 1/r [3, 33℄, but models relating the preursor foot dynamis to the droplet dimensions,
7
0 10000 20000 30000 40000 50000
t (τ)
80
100
120
140
160
r b
 
(σ
)
(a)
0 1000 2000 3000 4000
t (ps)
400
500
600
700
800
r b
 
(Å
)
(b)
Figure 2: Comparison of bulk droplet spreading rate on prewet surfae (solid line), and bare surfae
(dashed line) for (a) N = 10 polymers with εw = 2.0 ε and γ
s
L = 10.0 τ
−1
and (b) a Pb(l) droplet
on Cu(111).
suh as those presented above for the bulk dynamis, are not available. Like the results of
the bulk ontat radius, the size dependene is evident in the preursor foot ontat radius
as well. This is shown in Fig. 5 where the preursor foot ontat radius is divided by the
initial ontat radius raised to the power n where n = 1/2. For the γsL = 10.0 τ
−1
system,
the urves in Fig. 5a show the same asymptoti behavior, but dierenes in the initial
ontat radius ause the urves to be oset by a onstant value at later times. For the
γsL = 3.0 τ
−1
system, Fig. 5a shows the oset is less severe and the urves for the three
dierent droplet sizes overlap. For Pb(l) on Cu(111), Fig. 5b shows results in this system
are quite similar to what is seen for the γsL = 3.0 τ
−1
ase in the polymeri systems. This
implies that Pb(l) on Cu(111) orresponds to a lower surfae orrugation whih, given the
signiant lattie mismath between Pb and Cu and the high density paking of the (111)
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Figure 3: Saling of the bulk ontat radius for three droplet sizes based on the initial radii
R0 = 50σ (solid line), R0 = 80σ (dotted line), and R0 = 120σ (dashed line) using the preditions
of (a) the kineti model and (b) the hydrodynami model. Eah droplet is omposed of hain
length N = 10 polymers with εw = 2.0 ε, γ
s
L = 3.0 (upper urves) and 10.0 τ
−1
(lower urves). The
γsL = 3.0 τ
−1
urves are shifted upward for larity.
surfae, is a reasonable result.
The preursor foot ontat radius follows r2f(t) = 2Deff t where Deff is the eetive
diusion oeient. Within the unertainty of our data, these results are onsistent with
Deff ∼ R
x
0 where x = 0.5± 0.05 even though the polymeri systems are ompletely wetting
and the metal system is nonwetting. For the γsL = 10.0 τ
−1
system, Deff ∼ R
0.65
0 ollapses
the data onto a master urve better than R
1/2
0 . This may be due to the fat that the
high oupling onstant redues the foot spreading rate to that of the bulk droplet, so the
Deff ∼ R
1/2
0 saling is not valid when the spreading of the bulk droplet interferes with the
preursor foot diusion. At present, there is no theoretial model we are aware of whih
predits the dependene of Deff on R0, but it may be beause the higher bulk spreading
rate of the larger droplets pushes the preursor foot outward adding to the driving fore of
the surfae interation.
In summary, we study the droplet size dependene of nanodroplets spreading in ylindrial
geometries using moleular dynamis simulation. Our results follow the kineti model of
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Figure 4: Saling of the bulk ontat radius of three Pb(l) droplet sizes based on the initial radii
R0 = 20nm (solid line), R0 = 30nm (dotted line), and R0 = 40nm (dashed line) using the
preditions of (a) the kineti model and (b) the hydrodynami model.
droplet spreading, whih predits a R
4/5
0 size saling of the bulk droplet ontat radius. The
bulk spreading rate does not hange if the droplet is instead spread on a prewet surfae
onsisting of a monolayer of the droplet material. This indiates that, at least in the present
simulations, the visous dissipation from the preursor foot is not important for studying
the kinetis of the droplet. Theories desribing the dynamis of the preursor foot do
not predit a droplet size dependene. The spreading rate of the preursor foot is known
to be diusive, but here we show that the eetive diusion oeient has a droplet size
dependene, Deff ∼ R
1/2
0 , whih an be utilized in the design of surfae wetting appliations.
For Pb(l) on Cu(111), use of a realisti interatomi potential results in non-reative wetting
(in agreement with experiment). Furthermore, vapor pressure is low despite this being a
monomeri liquid. As suh, spreading mehanisms for the metal systems are similar to the
polymeri systems studied and the same size dependene of the spreading rate is found
despite the fat that these are two very dierent systems.
Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lokheed Martin
Company, for the United States Department of Energy's National Nulear Seurity Admin-
10
0 20000 40000 60000 80000
t (τ)
10
20
30
40
r f
 
/ R
01
/2
 
(σ
1/
2 )
0 1 2 3 4
t (ns)
10
20
30
40
50
r f
 
/ R
01
/2
 
(nm
1/
2 )
(a)
(b)
Figure 5: (a) Polymeri systems preursor foot spreading rate divided by R
1/2
0 for R0 = 50σ (solid
line), R0 = 80σ (dotted line), and R0 = 120σ (dashed line) for εw = 2.0 ε and γ
s
L = 10.0 τ
−1
(lower urves) and for γsL = 3.0 τ
−1
(upper urves). Eah droplet is omposed of hain length
N = 10 polymers. The γsL = 3.0 τ
−1
urves have been shifted upward for larity. (b) Preursor foot
spreading rate for Pb(l) on Cu(111) divided by R
1/2
0 for R0 = 20, 30, and 40nm at T = 700K.
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